Abstract. Dikes are usually envisioned as arrays of parallel segments dilated perpendicular to the direction of the least compressive stress. We describe here four dikes of highly irregular shape intruded in the fractured basement in the Timna Igneous Complex, southern Israel. The dikes include a doleritic dike, 2.3 km long and 1.6 rn to 32 rn thick, and three andesitic dikes, up to 1. 
Introduction
Shapes of dikes can be strongly affected by the mechanical properties of their host rocks. A dike intruding a uniform rock usually creates its own fracture normal to the direction of the least compressive stress [Anderson, 1951] and dilates to an elliptical cross section [Pollard, 1973] . However, only seldom do dikes dilate a single fracture. They are generally comprised of an array of subparallel segments and fingers with shapes that depend on the host-rock lithology, stress field, and presence of preexisting fractures [Pollard et al., 1975; Baer and Beyth, 1990; Baer, 1991] . Dikes often intrude host rocks with preexisting fractures not necessarily related to the contemporaneous regional stresses. Delaney et al. [1986] demonstrated how to distinguish between dike-generated fractures, that may serve as stress indicators, and preexisting fractures. They also showed how strike variations along dikes may indicate the ratio of magmatic to tectonic stresses under plane-strain conditions. Copyright 1994 by the American Geophysical Union.
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We describe four dikes that intrude the fractured basement in the Timna Igneous Comple.x, southern Israel ( Figure 1 ) and display significant attitude and thickness variations. We first describe these variations and show a detailed map of one dike to resolve the relationships between the dike and the host rock fractures. The three-dimensional stress state and the driving pressure associated with the emplacement of these dikes are then determined by analysis of the attitude variations of the cracks dilated by magma in each dike. Finally, we compare thickness variations along the dikes with thickness variations predicted for the dilation of idealized crack arrays.
Dikes in Timna Mountain

Field Description
Timna Mountain is an uplifted block at the margin of the Dead Sea rift, exposing plutonic and hypabyssal rocks of Late Precambrian age (Figure 1 ) [Kroner and Beyth, 1990 ]. The block is bounded by faults and is also crossed by several NW and N trending faults. Plutonic rocks in Timna include granite, olivine-norite, monzodiorite, and syenite [Bentor, We mapped in detail and measured portions of four dikes (Figure 1 ): three NE trending andesitic dikes (dikes 1-3), and one NW trending doleritic dike (dike 4). Rhyolitic dikes are not well preserved and were thus excluded from the present analysis.
The NE trending dikes (dikes 1-3). These dikes parallel a regional system of joints (Figure 2a) . Structures along two of these dikes (1 and 3) reveal subhorizontal steps, segment boundaries, ridges, and grooves (Figure 2b) , indicating subhorizontal propagation according to Pollard et al. [1975] and Baer [1991] . Contact structures along dike 2 indicate subvertical propagation.
Dike 1 is about 600 m long and its thickness ranges from 0.5 m to 3 m, thinning towards both ends (Figure 3a) . The dike is not truncated by faults and its exposed terminations are apparently close to the actual terminations. Dips of the dike segments vary from 550 to 850; dip directions range from 1140 to 1800 (degrees from north), with the majority dipping 700-75øto 140ø-1500 (Figure 4a ). The thickness of the dike segments appears to be related to their orientation, thinning from 2.5-3 m in 50ø-striking segments to 1-1.5 m in the 240-and the 90ø-striking segments (Figure 4a ).
Dike 2 is about 1000 m long and its thickness varies from 3 m to 7 m, thinning towards its western end (Figure 3b ). It is truncated by faults at both ends, and thus its exposed terminations are not necessarily the actual terminations. The orientation of the dike segments change along its course with segments dipping 750-900 to 140ø-1500 more frequent ( Figure   4b ). The thicknesses of the segments do not display a clear correlation with their orientations (Figure 4b) .
Dike 3 is about 2.5 km long and is not continuously exposed. Only its southwestern part was studied, and the measurement sites are more widely spaced with respect to the other three dikes. Thickness of the segments varies from about 4 m to 8 m ( Figure 3c Following in age is the dominant joint set striking generally NE, subparallel to the andesitic dikes. Since the density of this set changes only slightly with the proximity to the andesitic dikes ( Figure 6 ) and since some of the NE striking dikes crosscut these fractures, this set formed either before the NE dikes or semicontemporaneously with them. We therefore envision that the NE striking andesitic dikes encountered a set of joints striking 150 to 900 .
The andesitic dikes were followed by the NW striking doleritic dikes (Figure 6a ). At that stage the Timna basement was already disturbed by the joint systems that preceded the NE striking andesitic dikes, as well as by the N striking joints associated with the rhyolitic dikes. The crooked walls of the dolerifle dike (dike 4) appear to follow these joints, and in the reconstructed position, many of these joints can be matched on opposite dike walls (Figure 6b ). The 130ø-1400 striking joints, which are subparallel to the major dike sections are considerably less abundant at distances of more than a few meters from the dike. Further, they do not continue into the host granite at the termination zones of the three major NW striking sections ( Figure 6 ). We therefore conclude that the NW striking joints were generated by the doletitle dike, whereas the other joint sets dilated by the doleritic dike existed prior to its emplacement. 
BAER ET AL.' DIKES EMPLACED INTO FRACTURED ROCKS
Dilation of Cracks by Magma
The effect of preexisting fractures on dike geometry is examined here for three styles of initial crack arrays ( 
We define (Pm-O3)/(O1-O3) as the normalized driving pressure R. This is a convenient ratio to express the relative magnitude of magma pressure with respect to the maximum tectonic shear stress; it is slightly different from the stress ratio R used by Delaney et al. [1986] This analysis provides a simple tool to estimate the state of stress during dike emplacement into a fractured host rock.
First, the poles to dilated fractures are plotted on a stereographic projection. Typically, the poles will be restricted to a certain region on the projection (Figures 4, 7) . Second, the half width 0 w and half length 0oe of the region are 
Interpretation of Field Observations in Timna Stress State During Dike Emplacement
The variable segment attitudes of the Timna dikes are utilized to determine the orientation of the least compressive stress I33 during dike emplacement (Figure 1 !) . We used three methods to determine this orientation that are based on the following assumptions: (1) The thicker segment indicates a higher driving pressure because the thickness of a dike is proportional to its driving pressure (equation (5) and emplacement depth among the three NE striking Timna dikes (the NW striking dike is considerably thicker than the others). On the other hand, the propagation directions of the NE striking dikes are dissimilar. The apparent correlation that we found between R and the propagation directions suggest that the propagation of these dikes was controlled by the overpressure in their feeding magma chambers, and not by their geometry. A higher driving pressure could indicate a greater magma overpressure in the source region, which is consistent with vertical magma propagation, whereas a low magma overpressure is in accordance with the subhorizontal propagation.
The NE striking Timna dikes are part of a large province of dikes of similar attitudes and compositions that extends from the Eastern Desert in Egypt to northern Saudi Arabia [e.g., Vail, 1970] Figures 12a, 12c) . Dike 2 shows poor systematic thickness variations with its segments' attitudes ( Figure 12b ). In summary, thickness variations in dikes 1, 3, and 4 are fairly well correlated with the attitudes of the dikes' segments (style C dilation), whereas the thickness variations of dike 2 are less defined. Only dike 3 displays correlation between thickness and position along the dike (style B dilation).
Summary and Conclusions
We described here one doleritic dike and three andesitic dikes that intruded the fractured basement of Timna Mountain, Israel. The study demonstrates that dike shapes can be significantly more irregular than commonly envisioned. They may invade a wide range of fracture systems and form segments with large and abrupt thickness variations. This irregular geometry has been utilized to determine several components of the palcostress state and to distinguish between alternative dilation styles. The direction of the least compressive stress during the emplacement of each of the Timna dikes was inferred by three methods: the normal to its thickest segment, the normal to the mean orientation of the dike segments, and the best fit solution of the expected segment thicknesses (according to an interconnected crack dilation style). The results of the three methods agree well with each other (Table  1) 
